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ABSTRACT

Quasi-dimensional models are widely used in the design,
development and analyses of automotive engines. Various
phenomenological and empirical relations are used in these
models to reduce the computational load compared to multi-
dimensional models. These quasi-dimensional models have
also been used to calculate NO,, soot and HCs using various
reduced chemistry/simplified models. The extended Zeldovich
mechanism is widely used for finite-rate NO, computations in
these quasi-dimensional models. However, there are several
simplifying assumptions in the rate equation used for the NO,
computations. This paper compares the traditional method of
finite-rate NO, computations with full finite-rate chemistry
without the simplifying assumptions used in the former method.
NO, formation in a stationary engine is studied using a single
zone and two-zone (burned and unburned zone) using a 6-
reaction, 7-species model. A detailed comparison of the two
methods of NO computation is presented. Analyses of the
temporal variation of NO predicted using these two approaches
is also presented.

NOMENCLATURE

A surface area of cylinder head (m?)

ank coefficients fits to thermodynamic data of k"
species

Cok molar heat capacity at constant pressure of
the k™ species (J/mole-K)

Cuk molar heat capacity at constant volume of the
k™ species (J/mole-K)

c, mixture-averaged molar specific heat at
constant pressure (J/mole-K)

c, mixture-averaged molar specific heat at
constant volume (J/mole-K)

Gy molar Gibbs free energy of the k™ species
(J/mole)

Neg convective heat transfer coefficient W m? K

Hy molar enthalpy of the k™ species (J/mole)

Hp enthalpy of the products (J)

Hr enthalpy of the reactants (J)

m instantaneous mass in the engine cylinder
(kg)

m mass of fuel (kg)

Nrpm rotational speed of the engine (rev/min)

P pressure (N/m?)

Py pressure at BDC

Qin heat input from fuel combustion (J)

Qioss heat lost from engine cylinder (J)

Rq gas constant (J/kg-K)

Ry universal gas constant (J/K)

Sk molar entropy of the k™ species (J/mole-K)

T(0) average cylinder temp at crank angle 6 (K)

Tw wall temperature (K)

Uy molar internal energy of the k™ species
(J/mole)

V(0) instantaneous volume at crank angle 6

X1(0) distance of cylinder head from TDC at 6

Xy mole fraction of the k™ species

GREEK SYMBOLS

Y ratio of specific heats

0 crank angle

¢ equivalence ratio

® engine speed (= 6Ny, deg/sec)

ABBREVIATION

ATDC after top dead center
BDC bottom dead center
CAD crank angle degrees
EOC end of combustion
LHV lower heating value
RHS right hand side

Sl spark ignition
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SOC start of combustion
TDC top dead center

1 INTRODUCTION

Development of robust, computationally-efficient, physics-
based modeling tools can greatly aid the design/analyses and
optimization of current and next-generation engines using
various fuels such as natural gas and other fuel-additive blends.
Several authors have studied various aspects of performance
and emissions of traditional fuels and fuel-blends both
experimentally and numerically [1-14]. Experimental studies
are useful in validating and calibrating numerical models. Well-
validated numerical models can be used to examine a wider
range of operating conditions and varied fuel-additive
combinations.  Furthermore, they can also be used to
investigate the efficacy of newer emission-reducing
technologies (catalysts, EGR etc.) which are becoming
increasingly important, particularly for engines running on
fuels other than gasoline. NO, computations coupled to quasi-
dimensional models serve as important design/analyses tools.
These NO, computations are conducted using equilibrium
assumptions [10-14], or finite-rate chemistry using the
extended Zeldovich mechanism for NO, formation with several
simplifying assumptions [5-6]. This approach is referred to as
simplified finite-rate chemistry in this work. There are few
studies wherein full finite-rate kinetics for NO, formation is
coupled to quasi-dimensional models [7-9]. The advantages
and disadvantages of each of these approaches for NO,
computations are discussed next.

Equilibrium assumptions are most appropriate when the
temperature of the working fluid is above 1800-2000K
(depending on various factors such as speed, load, equivalence
ratios etc). These conditions usually exist near TDC (-5 < 0 <
0,) where 0, corresponds to a few CAD after EOC. Under
these conditions, reasonable engine-out NO, predictions can be
made [15]. Equilibrium computations conducted using the
procedure outlined in [15] are fast, robust and simple to
integrate with quasi-dimensional codes. However, equilibrium
computations conducted using the technique of minimization of
the Gibbs free energy can be computationally expensive.
Equilibrium chemistry calculations conducted using look-up
tables as in ref. [13] can be computationally expensive and also
cumbersome.

In the simplified finite-rate chemistry approach, the extended
Zeldovich mechanism is used to derive a rate expression for the
time-rate of change of NO concentration and is discussed in
detail in [16]. (units cm?, gmol, s, K)

Table 1 shows the reactions in the extended Zeldovich
mechanism (units cm®, gmol, s, K)

Table 1: Extended Zeldovich mechanism with rates [16]

2 [ N+0,=NO+0 6.4x10° T E(-3150/T) 1.5x10°T E(-3150/T)

3 |OH+N=NO+H | 4.1x107 2.0x10™E(-23650/T)

Reaction Ks K,

1 | O+N;=NO+N 7.6x10"°E(-38000/T) 1.6x10%

Based on the extended Zeldovich mechanism, the expression
for the time-rate of change of NO is given by

AN T o, Tk, N [0, ]+ k"IN T [oH ]
dt

—k, [No T[N -k, [No ][0 ]k, [NO ][H ] (1)

where k;* represents the forward rate and ki represents the

The
backward rate for each of the reactions shown in Table 1.
rate-expression for the NO concentration derived from the
extended Zeldovich mechanism is simplified using two main
assumptions, namely, (a) the C-O-H system is in equilibrium
and is unaffected by N, dissociation, (b) atomic nitrogen (N
atoms) change concentration by a quasi-steady process [17].
The first assumption implies that the concentrations O, O,, H,
OH, N, in Eg. (1) can be approximated by their equilibrium
concentrations at a given temperature and pressure, while the
second assumption implies

d[N ]
dt
Using these assumptions Eq. (1) can be simplified to

2R, {1- (INO 1/1NO 1,)° ) , RN

=0

d[NO ]

dt 1+ (INO 1/[NO 1, )R, /(R, + R,) D, )
as explained in [16],where
R, = k, [O1,[N,], =k, [NO I,[N1,

R, =k, [N],[0,], = k, [NO 1,[O],

Ry =k, [N1,[OH 1, = k, [NO 1,[H],

N, =f{1- (N0 1/NO 1,)°

D, =1+ ([NO J/[NO 1,)R, /(R, + R,)

and the subscript ‘e’ denotes equilibrium values.

The rate constants and equilibrium concentration of species
used in evaluating Eq. (2) is usually computed using the burned
gas temperature. Models used to include the effects of mixing
and gradients of the burned gas temperature can significantly
impact the overall NO predictions based on Eg. (2). The
simplified rate expression for NO concentration (moles/cm®)
shown in Egs. (1) and (2) are used in works such as [5-6].
Reference [6] uses an ad-hoc calibration constant for the
forward rate of the first reaction shown in Table 1. The
numerical value of this calibration is not explicitly discussed.
The predicted values of NO presented in Ref. [6] show a large
discrepancy with experimental data. The authors of ref. [6]
attribute this discrepancy to the use of a single burned gas
temperature. Ref. [17] presents some experimental data which
shows good agreement with the prediction of the simplified NO
rate model without inclusion of the effects of mixing and
burned gas temperature gradients.  Authors of ref. [17]
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however, point out that the good agreement seen between
experimental data and the simplified NO rate model is indeed
fortuitous. Given these shortcomings of the simplified finite-
rate chemistry approach, it would be instructive to examine the
use of a full finite-rate chemistry approach to NO
computations. A rate expression for the net formation of NO,
similar to Eq. (1), can be written for a chosen mechanism. The
concentrations of N, O, H, N,, O, OH, etc. describing the
source term (net production term) are computed using finite-
rate expressions for each of these species without using
equilibrium assumptions. The fuel combustion chemistry is
considered to be infinitely fast and hence decoupled from the
NO formation mechanism. The extended Zeldovich
mechanism or the 6 reaction/8 species mechanism discussed in
[14] shown in Table 2 can be used in the full-finite rate NO
computations. Larger, more detailed NO formation
mechanisms can also be used if need be, however this would
lead to increased computational cost.

Table 2: NO chemistry model with reaction rate constants (units
cm?, gmol, s, K) [14]

Reaction Kt Ky

O0+N,=NO+N 1.58E14E(-38031/T) | 3.5E13E(-166/T)
1.63E14E(-38095/T)

N+0,=NO+0 2.65E12E(-3226/T) | 5.6ELLE(-19317/T)
5.9E11E(-19430/T)

OH+N=NO +H 7 33E13E(-564/T) 2.02E14E(-24725]T)
1.82E14E(-24528/T)

N,O + O = 2NO 2.9E13E(-11657/T) | 7.76E14E(-30808/T)

1.15E15E(-31568/T)

N,+O+M=N,0+M | LAIEI3E(-9505/T) | 6.2E14E(-28247/T)

|01 B W N -

0,+M=20+M 2.6E13E(-10672/T)
8.36E6E(-61162/T)

1.03E7E(-61578/T)

In this work, we compare NO prediction using the traditional
method of finite-rate NO computations using the extended
Zeldovich mechanism with full finite-rate chemistry using a 6-
reaction/8 species mechanism. The simplifying assumptions in
the simplified finite-rate NO computations are also closely
examined.

2 MATHEMATICAL FORMULATION

The numerical model used to study the compression and power
stroke of a single-cylinder diesel engine is described in detail in
[18]. A similar methodology was used to model a two-zone Sl
engine in this work. Briefly, a zero-dimensional model was
used to compute temporal variation of the temperature and
pressure fields during the compression and power stroke.
Temporal variation of the engine pressure and temperature
during the compression and power stroke can be obtained by a
numerical solution of the energy equation. Effects of
temperature and mixture composition on the thermophysical
properties of the working fluid were included in the solution of
the energy equation. Temporal variation of the thermophysical
properties of all the species in the gas mixture were obtained

using thermodynamic coefficients from the CHEMKIN
database. Fuel combustion chemistry was modeled by a single-
step global reaction. The combustion process was modeled
using the well-known Wiebe function to express the mass
fraction burned.  The engine cycle simulation includes
unburned and burned zones. The pressure in the burned and
unburned zone was assumed to be the same (as determined by
the overall energy balance equation). The temperature of the
burned and unburned zones at each crank angle position were
computed based on the mass of the burned and unburned gas
respectively, using the procedure outlined in [16]. To simplify
the calculations, the ratio of densities of the unburned to burned
gases was assumed to be 4, as recommended in [16]. The
temporal variation of the burned and unburned gas
temperatures and pressure are used for the computation of
species concentrations in each of the zones. Using the
procedure described in [15] the equilibrium concentration of
NO, O,, N,, O, N and OH required for the computation of Eq.
(2) can be evaluated for each crank-angle (time), which in turn
can be used to obtain the temporal variation of NO. The full
finite-rate  computation uses the time-marching procedure
described in detail in [9]. Briefly, the temporal variation of the
burned and unburned gas temperature is used to compute the
NO formation in each of the zones. The species concentration
computed at a given crank-angle is used as the initial condition
for the subsequent crank-angle. In this work, there was no
mixing between the burned and unburned zones. However, the
effects of mixing of the gases in the burned and unburned zone
can be incorporated into the model by adjusting the species
concentrations of each species at the end of each crank-angle
based on the mixing model used. The mathematical equations
used to compute the temporal variation of the burned and
unburned gases and species concentrations are described next.

2.1  Quasi-dimensional engine model

The basic equations solved are given below.

Energy Equation:

wO)_roify e Pef o ) PO (3)

de vV (6) de ® 180 vV(e)de

Q, (0)=(H (T)-H(T))=zm, (0)LHV 4
hog A

Qs (0)= (T(e)-1,) )

2]

The instantaneous values of volume, area, and displacement are
given by the slider-crank model [18]
The convective heat transfer coefficient was expressed as

-0.2 0.8 -0.55 0.8
hy, =3.26D "“P°°T w (6)
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where D is the bore diameter and the velocity of the burned gas

w is given by

——(P(0)-P,) (7

prVr

Specific heats, enthalpies, and internal energy of individual
species in the working fluid were computed using polynomials
as follows

x
> =a,, +a,,T +a3kT2JraAkTaJra_”T4 (8)
Ru ' ' ' ' '
C,y=C,, ~R, (9)
2.k aS,k 2 a4,k 3 a5k 4 6,k
Hk: a,, T T T T RUT
' 2 3 4 5 T
(10)
U,=H, -R,T (11)

Mixture-averaged values of specific heat of the working fluid

were averaged using mole-fractions as follows.

K
C, =Y X,C,: €,=3 x,cC
k=1

K (12)

e

p

w
I
e} ||

v

A similar procedure was used to compute the mixture-averaged
values of enthalpy and internal energy of the working fluid.

The Wiebe function was used to compute the burned mass
fraction as shown below [16]

- =Jlfem Ja[a 9°} Ll (13)
m l |

m

Xb(9)=

where, 0, 6y, 0y are the instantaneous crank angle, the crank
angle for the start of combustion, and the combustion duration,
respectively. Further, myg, is the fuel burned and m ¢ is the total
fuel at BDC

The burned and unburned gas temperature were obtained

Ty (0)= ————— (14)

T, 0) - SO (15)
mu(e)Rgu

where, the subscripts ‘u’ and ‘b’ represent unburned and burned
guantities. The volume fraction of the burned gas y, (=V,/V)
can be obtained using the following relationship [16].

-1

XAM=L+“[i-q} (16)
L e lys ]

The average temperature of the gas in the cylinder can be
obtained by
0) - Plo)v () 17
m(6)R g

2.2 Simplified finite-rate chemistry model

Eqg. (2) is time-marched to obtain the temporal variation of NO.
Temporal variation of temperature and pressure obtained from
the solution of the energy equation is used to compute the
equilibrium concentrations required for the solution of Eqg. (2).
Details of the methodology used to obtain equilibrium
concentration of any given fuel-additive air mixture are
discussed in [15]. The initial NO concentration required for
time-marching Eq. (2) is 2*R; as recommended in [16].

2.3 Full finite-rate Chemistry

The full finite-rate chemistry model solves for each species in
the NO formation model without any simplifying assumptions
[9]. For each crank angle, the evolution of the concentration of
species k is described by the rate equation

dn

. (18)
dt

o, is the net production rate of species k due to all the I

reactions considered in a given kinetics model, computed as
shown below.

1 (19)
Uki :U: —l)‘k
K K
q|_kfiH ”:k ’kriH n:kl (20)
k=1 k=1
kg = AT sl exp [LJ (21)
RT
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The reaction rate constant shown in Eq. (21) is computed using
the unburned and burned gas temperature for a two-zone model
and the average gas temperature for a single zone model.

3 METHOD OF SOLUTION

The numerical model described above was used to compute the
average pressure and temperature in a single-cylinder natural
gas engine described in [19]. Methane (CH4) was used as a
surrogate for natural gas in all simulations for the sake of
simplicity. The procedure to obtain the cylinder pressure in a
diesel engine is explained in detail in [18]. The same procedure
was adapted to obtain the pressure and temperature in an SlI
engine using the equations described above. Briefly, for a given
set of operating conditions, namely, the prescribed mass of the
fuel-air mixture and temperature at BDC, Eq. (3) was solved
iteratively by using (4) through (13) to obtain the pressure from
-179°<6<180°, in increments of 1°. For a given pressure at a
crank angle, the burned and unburned gas temperatures were
obtained by using Egs. (14) and (15).

The engine dimensions and operating conditions used in this
work were the same as those described in [19]. Table 3 shows
the engine dimensions used in this work, and Table 4 shows the
operating conditions.

Table 3: Engine dimensions

Bore (mm) 130
Stroke (mm) 140
Compression ratio 11:1
Length of connecting rod (mm) 260

Table 4: Operating conditions used in this work ($=0.9)

Speed (rpm) 1800
Power (kW) 33

Fuel mass (g) 0.13

Air mass (g) 2.48
Spark timing -24° CAD

The mass of fuel (methane in this case) was kept constant at
0.13 g. A Weibe function with a = -4 and m = 2 was used to
describe the rate of fuel combustion (see Eg. (13)). The
combustion duration (6y,) used in Eq. (13) was chosen such that
the peak pressure matched those reported in [19] and occurred
at CAD 10° ATDC. The spark timing was -24° CAD. The
pressure computed using this technique matches experimental
data closely. As mentioned earlier, in the two-zone model, it
was assumed that there was no mixing between the burned and
unburned zones. The burned zone comprised of CO,, H,0,
excess O, and the corresponding amount of N,, whereas the
unburned zone comprised of the unburned fraction of fuel, O,
and N,.

Knowing the temporal variation of temperature, pressure and
composition of the burned and unburned zones, one can
compute the temporal variation of species concentrations using
the full finite-rate chemistry or simplified finite-rate chemistry

using the equations and methodology described in Section 2.2
and 2.3. In this work, the following 19 species were
considered in computing equilibrium concentrations: CH,, O,,
CO,, H,0, N,, N, O, NO, OH, H, N,O, CO, H, NO,, HO,,
CHjs, C,H,, C, and HCN. The full finite-rate chemistry model
shown in Table 2 requires the solution of 8 species, namely, O,,
N2, N, O, NO, OH, H and N,O. In other words, Eq. (18) is
solved for each of the 8 species mentioned above.

4  RESULTS AND DISCUSSION

This section discusses the results of the quasi-dimensional
model. Additionally, NO predictions using the full finite-rate
chemistry and simplified chemistry model will also be
discussed. All the results presented in this paper are for the
case with ¢ = 0.9. The results and analyses reported for ¢ = 0.9
also hold for other equivalence ratios studied in [19].

4.1  Results from the Quasi-Dimensional Model

Figure 1 shows the variation of the normalized burned and
unburned zone along with the total cylinder volume as a
function of crank angle. All volumes are normalized with
respect to the clearance volume. At the start of combustion the
volume of the unburned gas equals the total cylinder volume.
As combustion proceeds, the burned gas volume rises, slowly at
first during the ignition delay period, followed by a more rapid
rise. It is seen that as the combustion is almost complete the
unburned gas volume tends to zero while the burned gas
volume tends to the total instantaneous cylinder volume, as
expected.

—.. Burned gas
ZizizzUnburned-gas |
o Cylinder volume :
L H H
§1.5 N . BERP
I N W
> AL i
AT o
31 R BN
N - 5
S %
AR
s,

20 10, 0 o

Crank Angle (CAD)

Figure 1: Temporal variation of normalized burned and
unburned zone volumes.

Figure 2 shows the temporal variation of the burned and
unburned gas along with the average temperature variation
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obtained using a single zone model. As expected, the
temperature of the unburned gas equals the single zone
temperature predictions before SOC. After SOC, the burned
gas temperature is considerably higher than the unburned gas
temperature. After EOC, the burned gas temperature is the
same as the average temperature computed using the single
zone model.

3000 T
2500 -
4
22000
—
§1500
v
&
g JUnburned Zone
FIOOO urne one
- ingle Zon
500 =
-50 0 50 100

Crank Angle (CAD)

Figure 2: Temporal variation of burned and unburned gas along
with the average temperature obtained from a single zone
model.

Figure 3 shows the variation of normalized fuel, O,, CO, and
H,O with crank-angle. All mole fractions are normalized with
the value of initial fuel moles. Before SOC, the initial mixture
contains 1 mole of CH,4 and 2.2 moles of O, along with 8.272
moles of N, (hormalized values). Figure 3 shows that during
combustion from -24 CAD to about 25 CAD, CH, and O, are
depleted as dictated by Eqg. (13) with the simultaneous
formation of CO, and H,O. As expected, after complete
combustion of one mole of fuel (CH,) with 2 moles of O,, one
mole of CO, and 2 moles of H,O are formed. About 0.22
moles of O, remain in the burned mixed after complete
combustion (since ¢ = 0.9).

Figure 1 to Figure 3 demonstrate the correct implementation of
the single zone and two-zone models used in this work. The
temporal variation of temperature and pressure obtained from
the single zone and two-zone models are used for computation
of NO. NO predictions using the simplified chemistry model
and the full-finite rate chemistry models are discussed next.

3
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.:IIA v er-F-C
LN 2
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-135°-90 45 0 45 90 135 180
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Figure 3: Temporal variation of CH,4, O, N,, CO, and H,0.

Figure 4 shows the temporal variation of NO concentration (in
moles/m®) using the simplified chemistry along with the
equilibrium NO concentration in the burned zone.

MS -\l ,I \\

§10_3 i X Simplified chem istry
l: \—— (Bq. (2))

S r N Equilibrium NO
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A =TI \

5107k .

Q r N

g I \

5 L N

Q L N

c |

Z
10'5—.|....|....|....|.““

0 50 100 1350

Crank Angle (CAD)

Figure 4: NO concentration obtained using the simplified
chemistry and equilibrium chemistry

Following EOC, when the cylinder volume is increasing and
the engine temperature and pressure are dropping, NO
concentration predicted from equilibrium assumptions drops
steeply. However, the NO concentration predicted using the
simplified finite-rate kinetic model reaches steady state a few
crank-angle degrees after EOC. It is instructive to understand
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this behavior by a clogser examination of the RHS of Eq. (2).
During the expansion process the drop in temperature and
pressure leads to a sharp drop in k;*, and [O].. This is expected
since k" depends strongly on temperature. Furthermore, lower
temperatures yield lower [O].. Since the cylinder volume is
also continuously increasing during the expansion stroke, the
concentration of [O]. and [N,]. (measured as moles/m®) also
drop on account of the increasing cylinder volume. The RHS
of Eq. (2) is determined by R;, N; and D;. Beyond a crank
angle of 50 ATDC, R, is on the order of 10™* or less, while the
ratio of Ny/D; in Eq. (2) is on the order of 10. Hence the
overall numerical value of the RHS of Eq. (2) is on the order of
10 or less, implying no significant change in the temporal
variation of NO concentration. However, this behavior is non-
physical. The overall NO concentration has to drop during the
expansion stroke, so that the total moles of NO (expressed as
the product of NO concentration and instantaneous cylinder
volume) remains nearly constant. This is on account of the fact
that the NO formation process is practically frozen a few-crank
angle degrees after EOC.

Figure 5 show the temporal variation of NO (in ppm) as a
function of crank angle for the simplified chemistry and
equilibrium chemistry cases.

107 ¢
I im plified chem istry
» < (Eq. (2))
2 0 T~ Equilibrium NO
o) .
& \\\
%
103 = \\\ .
102 L 1 1

T R T T E R S S L L L
0 50 100 150

Crank Angle (CAD)

Figure 5: Temporal variation of NO (ppm) with simplified
chemistry and equilibrium chemistry.

As explained above, the simplified chemistry model shows a
monotonic increase in NO moles (expressed as ppm) and this
increase follows the monotonic increase in the instantaneous
cylinder volume during the expansion stroke. Based on above
discussion, the simplified chemistry model does not capture the
expected behavior of a monotonic decrease in the total
concentration (moles/m®) of NO. The results of the full finite-
rate chemistry model are discussed next. Results shown in

Figures 6 through 10 have been obtained using full finite-rate
chemistry.

Figure 6 shows the temporal variation of nitrogen atoms
(expressed as moles) obtained from the solution of Eq. (18).
The reaction rate constants are computed using instantaneous
temperatures obtained from the single-zone or two-zone model
(as the case may be). It was assumed that the ratio of initial
number of nitrogen atoms to nitrogen molecules at BDC was
2x10°. The same ratio was also used for oxygen atoms and
molecules at BDC. Before SOC, the N atoms (or moles)
obtained from the single-zone and two-zone models are the
same.

107
107 ol
4 \5’\
“ & i
= ra o
glo 13 af
2 Before SO/C
+Unburned| Zone
107! ‘, < Bien
g L\jter EOC
b Single Zone
1072 3

-135-90 -45 0 45 90 135 180
Crank Angle (CAD)

Figure 6: Temporal variation of N moles using single-zone and
two-zone models.

This is to be expected as there temperature, pressure and
mixture composition of the single zone and two-zone models
are identical before SOC. The full-finite rate chemistry model
predicts a sharp drop in the total moles of N due to
recombination process. The net production of N atoms are
determined by the source term based on the reaction
mechanism showed in Table 2. Numerical evaluation of the
source terms for formation of N atoms shows that the rate of
depletion of N is strongly controlled by the forward reaction
rate constant for reaction 2. Since reaction 2 has a relatively
small activation energy (as compared to the forward reaction
rate constant of reaction 1), there is a rapid depletion of N at
low temperature (< 700 K). After SOC, the temperature of the
unburned gas is still low (< 900K) and hence there is no
appreciable rise in the formation of N atoms in this zone. The
burnt zone however has a high temperature which supports the
formation of N atoms rapidly as the burned volume increases.
The rapid increase in the N atom population is aided by the
increasing temperature and the presence of higher amounts of
heated N,. After EOC, when the cylinder temperature and
pressure starts dropping with a simultaneous increase of
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cylinder volume, the overall formation of N atoms starts to
drop. The single-zone model exhibits a similar physical
behavior. There is a sharp rise in N atom production from SOC
to EOC followed by a drop during the expansion stroke. Figure
7 shows the temporal variation of O moles for the single-zone
and two-zone models. Again, it is seen that there is a sharp
increase in O atom formation during combustion (from SOC to
EOC) followed by a drop during the expansion stroke. The
full-finite rate chemistry model thus captures the physically
expected behavior of N and O atom formation correctly during
the entire engine cycle.
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Figure 7: Temporal variation of O moles using single-zone and
two-zone models.

Figure 8 shows the temporal variation of NO moles using the
single-zone and two-zone models. It is seen that the full-finite
chemistry model predicts a near constant value of NO moles
after EOC. It is believed that the NO formation (in terms of
total moles) freezes a few crank-angle degrees after EOC. The
full finite-rate chemistry model correctly predicts this
physically expected behavior. Figure 9 shows the temporal
variation of NO concentration (expressed in moles/m®)
predicted by the full finite-rate chemistry model. As expected,
the full finite-rate chemistry correctly predicts a drop in NO
concentration, whereas the simplified chemistry model predicts
the NO concentration to be constant after EOC (as shown in
Figure 4).

The quantitative values of N, O and NO atoms predicted by the
single-zone and two-zone models are different on account of
the mixing assumption. In a single zone model, the number
density of a particular species (say N, O, N, or O, ) is computed
using all the moles of that particular specie present in the
engine cylinder at that particular instant in the computation of
the source term (RHS of Eq. (18)). The average cylinder
temperature at that particular instant (crank angle) was used to

compute the reaction rate constants. In the two-zone model,
only the moles of a given specie in a given zone (either burned
or unburned) was used to compute the number density along
with the corresponding temperature of the zone in question.
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Figure 8: Temporal variation of NO moles using single-zone
and two-zone models.
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Figure 9: Temporal variation of NO concentration (moles/m?)
in a two-zone model using full finite-rate chemistry.

Figure 10 shows the temporal variation of N,O moles. It is
seen that the N,O moles remains fairly constant after EOC. It is
also seen that the N,O moles are about 3 orders of magnitude
lower than NO moles after EOC, as expected.
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Short computational times is one of the main advantages of
quasi-dimensional models over detailed CFD simulations. For
instance, computation of the cylinder temperature, pressure and
species concentrations (using full finite-rate chemistry) for the
entire compression and expansion stroke takes about 0.75
seconds on a single CPU 2.53 GHz Intel processor for the two
zone model. The two-zone model takes about 2.45 seconds.
These short computational times make it feasible to conduct
finite rate chemistry computations using more detailed NO, and
fuel combustion mechanisms in quasi-dimensional codes.

5 CONCLUSIONS

This work focused on comparing the traditional method of NO
computations (simplified finite-rate chemistry) in quasi-
dimensional engine codes with full finite rate chemistry. A
single-zone and two-zone model was used to compute the
temporal variation of temperature in a Sl natural gas engine.
NO computations were conducted for the simplified finite-rate
chemistry and the full-finite rate chemistry using these
temperature and pressure input. It was shown that the
simplified finite-rate chemistry model does not accurately
capture the physically expected behavior of NO formation,
whereas the full finite-rate chemistry does so correctly.
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